Abstract: Royal jelly is a food for queen and larvae honeybees. 10-Hydroxy-trans-2-decenoic acid (10H2DA; "royal jelly acid") is the principal lipid component in royal jelly. Several pharmacological activities of 10H2DA have been reported: anti-tumor, anti-biotic, immunomodulatory, estrogenic and neurogenic. We recently revealed an inhibitory effect of 10H2DA in innate immune signals. Despite appreciable advances in studies on innate immune signals after the identification of Toll-like receptors as innate immune receptors, few studies have reported the effect of 10H2DA on innate immune signals. In this review, we focus on recent advances in the evaluation of the biological activities of 10H2DA (especially immunomodulatory activities). We also discuss the molecular mechanisms underpinning these biological activities, which could lead to new therapeutic targets for the treatment of immune disorders.
INTRODUCTION
Honey, royal jelly and propolis are sold commercially as "honeybee products". They are also ingredients in certain health foods and have been used as traditional medicines for centuries [1, 2] . Worker honeybees collect nectar from plants and store it as honey in their hives. Royal jelly is a secretion of the hypopharyngeal gland and mandibular gland of young adult worker honeybees [3] . The composition of royal jelly is independent of the environment surrounding beehives (although it may be dependent upon the honeybee species and the ontogeny).
All honeybee larvae are fed some royal jelly for the first 3 days of life [4] . Thereafter, most of the female honeybees become worker bees, whereas a selected female bee fed only royal jelly throughout her life becomes a queen bee. Therefore, royal jelly is critical for the nutritional transformation of an immature female larva into a fertile queen bee. Major royal jelly protein (MRJP)1 is a protein component of royal jelly and is also called royalactin. MRJP1 was recently found to play a central part in the development of the honeybee queen [5] . Juvenile hormones may also contribute to the development of queen-like characteristics and caste differentiation in honeybees [6] .
Royal jelly is complex mixture of sugars, proteins, lipids, vitamins and minerals ( Fig. 1) [3, 7, 8] . Royal jelly contains a family of proteins called major royal jelly proteins (MRJPs). They constitute 90% of the total royal jelly protein [9, 10] . Lipid components are 10% of the dry matter in royal jelly. 10-Hydroxy-trans-2-decenoic acid (10H2DA) is often referred to as "royal jelly acid". 10H2DA *Address correspondence to this author at the Department of Biopharmaceutical Sciences, Laboratory of Microbiology, Gifu Pharmaceutical University, 1-25-4 Daigaku-Nishi, Gifu 501-1196, Japan; Tel: +81 58 230 8100 ext. 3672; Fax: +81 58 230 8140; E-mail: sugiyama@gifu-pu.ac.jp is a major and unique lipid component [11] . About 50% of the total fatty acid content of royal jelly is 10H2DA [11, 12] (Fig. 2) . Other bee products do not contain 10H2DA, so the presence of 10H2DA can be used as a marker to validate the quality of royal jelly from other bee products [13, 14] . 10-Hydroxydecanoic acid (10HDA) is the saturated counterpart of 10H2DA. It is also found in royal jelly as the second most dominant lipid component [11] (Fig. 2) . The biosynthesis of these -hydroxy lipids has been reported, and suggests that stearic acid (C18:0) is oxidized at the position, shortened to the 10-carbon acid, which is followed by oxidation [15, 16] . Fig. (1) . Composition of royal jelly. Major components of royal jelly are as follows: 60-70% moisture content, 9-18% proteins, 7-18% sugars and 3-8% lipids. Other contents are free amino acids, vitamins, salts etc. [7, 8, 12] . Most of lipid contents are free fatty acids (90-95%), and 10-hydroxy-trans-2-decenoic acid (10H2DA) and 10-hydroxydecanoic acid (10HDA) together present >60-80% [11] .
Various pharmacological activities of royal jelly have been reported: anti-tumor, anti-inflammatory and antibacterial [17] [18] [19] [20] . There are some reports suggesting that MRJPs are involved in the biological activity of royal jelly, such as immunomodulatory activity [21] and anti-bacterial activity [22] . 10H2DA is a lipid component found specifically in royal jelly, so several types of biological activity have been investigated (Table 1) .
We will focus here on the recent advances in the evaluation the biological activities of 10H2DA (especially immunomodulatory activities) and discuss the potential underlying molecular mechanisms.
IMMUNOMODULATORY ACTIVITIES OF 10H2DA IN ROYAL JELLY
Activities of royal jelly on innate and adaptive immunity in in vitro and in vivo studies have been reported [17] . Furthermore, royal jelly may be beneficial for the treatment of autoimmune and inflammatory diseases [23] [24] [25] . It has been revealed that 10H2DA is involved in some of those activities, including inhibition of lipopolysaccharide (LPS)-and interferon (IFN)--stimulated macrophage responses [26] [27] [28] , inhibition of T-cell proliferation [29, 30] and antirheumatoid activity [31, 32] .
Inhibition of Innate Immune Responses
Toll-like receptors (TLRs) and families of cytoplasmic receptors such as nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are known to act as Fig. (2) . Chemical structures of 10-hydroxy-trans-2-decenoic acid (10H2DA) and 10-hydroxydecanoic acid (10HDA). Table 1 . Molecular mechanisms underpinning the biological activities of 10H2DA.
Biological Activity Molecular Mechanism Reference

Immunomodulatory
Inhibition of LPS-induced IL-6 production Inhibition of I B-induction [26] Inhibition of LPS-induced NO production Inhibition of NF-B activation [28] Inhibition of IFN--induced NO production Inhibition of IRF-8 induction [27] Inhibition of T-cell proliferation Inhibition of IL-2 production and IL-2 receptor expression [30] Anti-rheumatoid arthritis
Inhibition of TNF--induced production of MMPs Inhibition of p38 and JNK activation [46] Estrogen-like Activation of estrogen response element Binding and activation of estrogen receptor [53] Antagonizing of 17 -estradiol Modulation of binding affinity of estrogen to estrogen receptor [54] Anti-angiogenesis [34] .
Macrophage activation is one of the initiating events of the innate immune response. The inhibitory effects of royal jelly upon macrophage responses have been reported by Kohno et al., [19] . They examined the effect of separated fractions of royal jelly on LPS-and IFN--stimulated production of tumor necrosis factor (TNF)-and interleukin (IL)-6 from murine peritoneal macrophages or a murine macrophage-like cell line. Several fractions (including a lowmolecular-weight fraction of <5 kDa that was supposed to contain 10H2DA) showed inhibitory effects on the production of TNF-and/or IL-6; in addition, MRJP3 inhibited the production of TNF-, but not the production of IL-6.
Recently, we reported that 10H2DA inhibits LPSinduced IL-6 production [26] . 10H2DA does not affect LPSinduced pro-inflammatory cytokines and chemokines other than IL-6. The NF-B reporter gene assay showed inhibition of TLR-dependent NF-B activation by 10H2DA, but no effect on the transcription of certain NF-B-dependent genes. Interestingly, 10H2DA reduced LPS-induced expression of I B-(a transcription factor activating the B promoter sequence and which is essential for LPS-induced IL-6 production). The transcription of I B-is dependent upon NF-B. Inhibition of the induction of I B-by 10H2DA was confirmed by reduced expression of I B--dependent genes such as lipocalin 2 and granulocyte-colony stimulating factor. From these results, we speculate that 10H2DA inhibits a subset of NF-B that activates the I B-promoter and that may be regulated by a post-translational modification of NF-B subunits.
Nitric oxide (NO) is an important effector molecule that attacks intracellular microbes in macrophages. NO production is also inhibited by 10H2DA [27, 28] . In murine macrophages, LPS induces INF-production, and its autocrine stimulation is essential for the induction of inducible NO synthase (iNOS), which is responsible for a considerable amount of NO production in macrophages. 10H2DA does not affect LPS-induced IFN-production or activation of signal transducer and activator of transcription (STAT)1 and STAT2 after autocrine stimulation of IFN- [28] . IFN-activates NF-B through phosphatidylinositole-3 kinase and induces TNF-production [35] . 10H2DA inhibits NF-B activation by IFN-or TNF-and partially inhibits IFN--induced TNF-production [28] . These findings suggest that inhibition of the activation of NF-B is responsible for the 10H2DA-mediated inhibition of the induction of iNOS. IFN-also induces NO production after activation of STAT1 and the production of TNF-followed by NF-B activation [36] . IFN-induces the de novo production of interferon regulatory factor (IRF)-1 and IRF-8, both of which are necessary for the transcription of TNF-in IFN-stimulation [37] . 10H2DA inhibits the induction of IRF-8 (but not IRF-1), followed by the inhibition of TNFproduction, whereas STAT1 activation is not affected [27] . Autocrine stimulation of TNF-is responsible for NF-B activation during IFN-stimulation, so inhibition of TNFproduction by 10H2DA results in the inhibition of NF-B activation. Inhibition of IFN--induced iNOS production by 10H2DA has been postulated to be a result of the inhibition of NF-B activation.
Duplan et al. also reported the inhibition of TLR signaling by 10H2DA [38] . They prepared samples of reconstructed human epidermis and stimulated them with polyinosinic-polycytidylic acid (poly I:C) and IL-1. Poly I:C is a synthetic ligand of TLR3 mimicking double-stranded RNAs. The IL-1 receptor contains a Toll/IL-1 receptor domain in the cytoplasmic tail and activates the same signaling cascades as TLRs [39] . Stimulation of poly I:C and IL-1 activated NF-B and induced thymic stromal lymphopoietin (TSLP) [40] . 10H2DA decreased poly I:Cand IL-1-induced TSLP release from the reconstructed epidermis [38] . They also revealed the inhibitory effect of 10H2DA on the release of IL-4, IL-5 and IL-13 from inflamed and damaged skin explants. IL-4, IL-5 and IL-13 are Th2 cytokines that upregulate IgE production. Therefore, 10H2DA has been postulated to influence not only the innate immune system but also the adaptive immune system.
Modulation of Adaptive Immunity
Several reports have demonstrated the effect of royal jelly on antibody production, which can be related to antiallergic effects. Sver et al. showed that royal jelly exhibited immune stimulatory effects by enhancing antibody production and proliferation of immunocompetent cells in mice after immunization with the red blood cells of sheep [41] . Conversely, they also reported the immunosuppressive effects of royal jelly on T cell-mediated antibody production in rats.
Suppression of type-I allergic reactions by royal jelly have been reported. Oka et al. reported that oral administration of royal jelly suppressed antigen-specific IgE production and histamine release from mast cells in association with the restoration of macrophage function and improvement of Th1/Th2 cell responses in 2,4-dinitrophenylated keyhole limpet hemocyanin (DNP-KLH)-immunized mice [42] . Taniguchi et al. reported that oral administration of royal jelly inhibited the development of atopic dermatitis lesions in picryl chloride-treated NC/Nga mice [43] . Kataoka and colleagues demonstrated that intraperitoneal administration of royal jelly into ovalbumin (OVA)/alum-immunized mice resulted in the reduction of OVA-specific IgE antibody in the sera as well as IL-4, IL-5, IL-10 and IFN-production by OVA-stimulated spleen cells, suggesting downregulation of Th1 and Th2 responses [44] . MRJP3 has been described as a candidate dominant immunomodulator suppressing cytokine production (especially IL-4) from T cells and thereby promoting anti-allergic responses [21] .
The immunomodulatory effect of 10H2DA upon adaptive immunity has been reported by Colic and colleagues. They extracted and isolated several components of royal jelly [45] , then examined T-cell proliferation in vitro [29] . One fraction, MEL 138 (which contains 10H2DA) showed a slight (but significant) inhibitory effect upon concanavalin A-stimulated splenocyte proliferation, but IL-2 production was not affected. Furthermore, they showed that 10H2DA and 3,10-dihydroxydecanoic acid, isolated from royal jelly, inhibited T-cell proliferation by using dendritic cell (DC)-T-cell cocultures [30] . The effect of 10H2DA was followed by a decrease in IL-2 production and downregulation of expression of the IL-2 receptor on T cells. Antigen-specific antibody responses were also suppressed by 3,10-dihydroxydecanoic acid in vivo.
Anti-rheumatoid Arthritis (RA) Activity
RA is a complex immune-mediated disease of unknown etiology. Evidence for the beneficial effects of 10H2DA upon RA was provided by Wang and colleagues. They examined the effect of 10H2DA on TNF-responses of synovial fibroblasts isolated from rheumatoid tissues of RA patients [31] . 10H2DA inhibited TNF--induced expression of matrix metalloproteinases (MMPs), which are critical proteases involved in tissue degradation in RA [46] . TNF--induced phosphorylation of p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) were inhibited by 10H2DA, although NF-B activation and phosphorylation of extracellular signal-regulated kinase (ERK) were not affected. They also reported that 10H2DA downregulated expression of connective tissue growth factor followed by downregulation of the expression of MMPs [32] .
OTHER BIOLOGICAL ACTIVITIES OF 10H2DA
Estrogen-like Activity: 10H2DA as an Agonist and/or Antagonist of the Estrogen Receptors
Traditionally, royal jelly has been used to improve postmenopausal symptoms [1] . Clinical studies have revealed the beneficial effects of royal jelly on autonomic imbalance in menopausal women [47, 48] . Loss of bone mass is one of the major symptoms in post-menopausal women. Studies to verify the preventative effects of royal jelly on osteoporosis have been conducted. Royal jelly prevented ovariectomyinduced bone loss in rats, and this protective effect was as effective as that produced by 17 -estradiol [49] . Proteasetreated royal jelly also showed an equivalent effect to that of raw royal jelly, suggesting that the active materials in royal jelly could be protease-insensitive. Royal jelly also stimulates bone formation in vitro and in vivo [50] . In the same study, royal jelly stimulated not only cell proliferation but also collagen production in murine osteoblast-like cells.
Mishima et al. showed that royal jelly has estrogenic activities in vitro and in vivo [51, 52] . Royal jelly enhanced proliferation of the estrogen-sensitive breast cancer cell line MCF-7, and upregulated gene transcriptions that were dependent upon the estrogen responsive element. Some components in royal jelly were shown to interact with estrogen receptors. They further elucidated that 10H2DA is a critical component expressing estrogenic activities.
Suzuki et al. reported the estrogenic activities of certain lipids in royal jelly: 10H2DA, 10HDA, trans-2-decenoic acid and 24-methylenecholesterol [53] . These lipids activate the estrogen responsive element-dependent transcription and proliferation of MCF-7 cells in an estrogen receptordependent manner. They also showed competitive inhibition of the binding of 17 -estradiol to human estrogen receptor (but not to estrogen receptor ) by these lipids. Subcutaneous injection of any of these lipids into immature rats induced mild hypertrophy of the luminal epithelium of the uterus.
The agonistic and antagonistic activities of fatty acids derived from royal jelly have been investigated using estrogen receptor -and/or -expressing cell lines [54] . 10H2DA, 3,10-dihydroxydecanoic acid and sebacic acid were isolated from royal jelly and examined. These fatty acids showed weak agonistic activity in estrogen receptor -(but not -) expressing MCF-7 cells in the absence of 17 -estradiol. Conversely, these fatty acids were agonistic in estrogen receptor -(but not -) expressing HeLa cells. In the presence of 17 -estradiol, however, these fatty acids antagonized 17 -estradiol-induced transactivation of estrogen responsive element in estrogen receptor -andexpressing cells. They found that 10H2DA altered 17 -estradiol-induced co-activator recruitment to estrogen receptor . Although the weak binding of 10H2DA (but not of the other lipids) to the ligand-binding domains of estrogen receptor and was detected, they speculated that these fatty acids induce a conformational change in estrogen receptors, resulting in modulation of the recruitment of estrogen receptors and co-activators to the target genes.
Anti-tumor Activity
Anti-tumor activity of 10H2DA was first reported in 1959 [55, 56] with demonstration of inhibition of the growth of tumor cells in vitro. Several reports have shown that royal jelly inhibits the growth and/or metastasis of tumor cells [57] . Tamura et al. showed that royal jelly administered via the oral route inhibited the growth of slow-growing tumors (e.g., Ehrlich ascites, sarcoma-180 ascites) in rats [18] . Bincoletto et al. also reported the effectiveness of royal jelly on Ehrlich ascites tumor-bearing mice with extension of survival at higher doses [58] . Orsolic et al. reported that royal jelly did not affect the formation of metastases if administered via the intraperitoneal or subcutaneous route. However, synchronous intravenous application of tumor cells and royal jelly significantly inhibited the formation of metastases [59, 60] .
Angiogenesis is required for invasive tumor growth and metastasis. Angiogenesis constitutes an important point in the control of cancer progression. Anti-angiogenesis activity of 10H2DA has been reported by Izuta et al., [61] . Vascular endothelial growth factor (VEGF)-induced proliferation, migration and tube formation in human umbilical vein endothelial cells (HUVECs) was inhibited by 10H2DA. The MMP inhibitor GM6001 similarly prevented VEGF-induced migration and tube formation in HUVECs. Hence, they speculated that MMPs are inhibited by 10H2DA. It may also be possible to inhibit the expression of MMPs by 10H2DA, as described above.
Promotion of Collagen Production
Koya-Miyata et al. showed that royal jelly increases collagen production from fibroblast cells [62] . The activity was found in the alkali-soluble fraction of royal jelly, and 10H2DA was identified as an active component [63] . Royal jelly and 10H2DA induced the production of transforming growth factor (TGF)-, which is known to be an important inducer of collagen production. Involvement of TGF-in 10H2DA-promoted collagen production was confirmed by anti-TGF-antibody, by which the promotion was completely inhibited. Notably, 10HDA also showed similar promotion of collagen production to that seen with 10H2DA.
Epigenetic Regulatory Activity
Spannhoff et al. reported the histone deacetylase inhibitor (HDACi) activity of 10H2DA [64] . In K-rastransformed NIH3T3 cells, the Fas gene is epigenetically silenced by the activated Ras pathway [65, 66] . 10H2DA reactivated the silenced gene expression. The HDACi activity of 10H2DA was confirmed in an in vitro assay, while inhibition of DNA methylation was not observed.
Modulation of Ion Channels
Transient receptor potential (TRP) ankyrin (TRPA)1 is a Ca 2+ permeable non-selective cation channel belonging to the TRP family [67, 68] . Terada et al. examined the effect of royal jelly on TRPA1 activity [69] . They found that hexane extracts and ethyl acetate extracts of lyophilized royal jelly increased Ca 2+ permeability in TRPA1-expressing HEK293 cells. They identified 10H2DA and 10HDA as the major components in royal jelly that activate TRPA1.
Neurogenic Activity
Neuronal activities of royal jelly and/or 10H2DA have been investigated in vitro and in vivo by Furukawa and colleagues [70] . Oral administration of royal jelly showed neurotrophic effects on the mature brains of ddY mice via stimulation of glial cell line-derived neurotrophic factor (GDNF) production, and that enhanced expression of neurofilament H was involved in the events subsequently caused by GDNF [71] . In vitro experiments showed that 10H2DA stimulated neurogenesis (but suppressed gliogenesis) in neural stem/progenitor cells, whereas royal jelly facilitated the differentiation of all types of brain cells (including neurons, astrocytes and oligodendrocytes) [72] . Furthermore, intraperitoneal administration of 10H2DA showed protective effects against models of stress-induced depression and anxiety in mice [73] . The nature of the intracellular signals of 10H2DA that regulate differentiation of neuronal stem/ progenitor cells is not known, but they speculated that 10H2DA partly mimics the effect of brain-derived neurotrophic factor (BDNF) [72] .
POSSIBLE MECHANISMS UNDERPINNING THE IMMUNOMODULATORY ACTIVITY OF 10H2DA
10H2DA and 10HDA show comparable effects with respect to: estrogenic activity; in vitro anti-tumor activity; promotion of collagen production; and TRPA1 channel activation. We could not detect the 10H2DA-like inhibitory effect of 10HDA on LPS-induced IL-6 production (unpublished data). Other fatty acids and sterols show similar activity to 10H2DA, such as the: inhibitory activity of 3,10-dihydroxydecanoic acid on DC-dependent T-cell proliferation [30] ; estrogenic activity of trans-2-decenoic acid, 24-methylenecholesterol, 3,10-dihydroxydecanoic acid and sebacic acid [53, 54] ; inhibitory activity of 3,10-dihydroxydecanoic acid on concanavalin A-stimulated splenocyte proliferation [29] ; and TRPA1 channel activation by C8-10 medium-chain fatty acids derived from royal jelly. Comparison of the biological activities among these structurally related compounds may suggest the relationship between the mechanisms of action of 10H2DA and 10HDA.
Specific inhibitors against a signaling cascade bind directly to one of the signaling molecules and inhibit its enzymatic activity or interaction with another signaling molecule. Reports demonstrating direct evidence of 10H2DA binding to any of the signaling molecules in innate immune signaling cascades are lacking. We speculate that specific inhibition of 10H2DA on LPS-induced I B-expression may be due to inhibition of post-translational modification (e.g., phosphorylation) of an NF-B subunit, p65 [26] . Also, 10H2DA may inhibit an upstream signaling molecule which is necessary to activate a subset of the NF-B complex.
Only estrogenic receptors have been reported to behave as receptors, to which 10H2DA and other related lipids bind directly, as described above. Estrogen receptors are members of a nuclear receptor family, are present intracellularly, and are activated by binding of their ligands followed by activation of target gene transcriptions. Estrogen receptordependent activation of the estrogen response element by 10H2DA suggests that 10H2DA interacts intracellularly with an estrogen receptor. Therefore, 10H2DA could interact directly with an intracellular signaling molecule in innate immune signaling cascades and inhibit its signaling activity.
GPR30 is a G protein-coupled receptor (GPCR). It functions as a cell-surface receptor for estrogens [74] . GPR30 signals may act synergistically or antagonize estrogen receptor -mediated gene expression [75] . With the finding of an antagonistic effect of 10H2DA and other lipids by Moutsatsou et al., they suggested that these lipids could be ligands of GPR30 [54] .
Some GPCRs have been reported to be receptors for free fatty acids [76, 77] . GPR120 and GPR40 are activated by medium-and long-chain fatty acids [78, 79] , and GPR119 is activated by long-chain fatty acids [80] . GPR84 is activated by medium-chain fatty acids [81] , whereas GPR43 and GPR41 are activated by short-chain fatty acids [82] . GPR84 is activated by C9-14 free fatty acids (especially by C10 fatty acids) but the signal may not be related to the inhibitory effect of 10H2DA on LPS-induced IL-6 production because the signal enhances the response to LPS [81] . GPR120 also recognizes -3 fatty acids such as -linolenic acid, docosahexaenoic acid and eicosapentaenoic acid, and the signal abolishes LPS-mediated activation of NF-B and JNK in macrophages [83] . Interestingly, -3 fatty acids-induced GPR120 signals inhibit LPS-stimulated TNF-production, which is different from our finding on 10H2DA. Many orphan GPCRs are coded within mammalian genomes, so GPCR signaling may contribute to immunomodulatory activities (including the inhibitory effect of 10H2DA on innate immune signaling).
CONCLUDING REMARKS
10H2DA is a unique fatty acid found specifically in royal jelly and shows various pharmacological activities. With respect to inhibition of innate immune signals, however, 10H2DA shows a quite restricted effect which is dependent upon the stimulation. Content analyses of royal jelly reveal that the typical concentration of 10H2DA in raw royal jelly should be >100 mM. The 10H2DA concentration that can inhibit innate immune signals is more than a few millimolars, but reaching the effective concentration when administering to the gastrointestinal tract or skin is relatively easy. Furthermore, developing more specific and higheraffinity drugs from 10H2DA as a lead compound should be achievable. Indeed, 2-decenoic acid ethyl ester was found to be a derivative of unsaturated medium-chain fatty acids with a more potent neuroprotective effect [84, 85] . Unfortunately, we did not find a greater inhibitor of innate immune signals in our screening. Several recent studies have revealed that innate immune signals are involved in many autoimmune and inflammatory diseases, but those signals are important for immune responses against infective microbes. Hence, compounds manifesting a higher specificity of inhibition against the restricted innate immune signaling cascade should be necessary for developing drugs against disorders of the innate immune system without exhibiting side effects. 10H2DA could be a unique lead compound for therapeutic drugs against disorders of the innate immune system.
ABBREVIATIONS
10H2DA
= 10-hydroxy-trans-2-decenoic acid 
